Introduction {#s0005}
============

Canine osteosarcoma (OSA) exhibits morphologic and genomic resemblance to pediatric OSA in humans, with dogs exhibiting 10 times the incidence rate. The treatment options for both species are limited, and the prognosis is poor [@bb0005], [@bb0010]. The standard for diagnosis has not changed over the last several decades and includes primarily radiographic imaging of the affected limb and lungs followed by cytological or histological sample for confirmation and grading.

In humans, osteosarcoma is the most common primary malignant tumor of the bone. The standard of care includes surgical resection and multiagent chemotherapy; however, due to early micrometastasis to the lungs, for a majority of patients, the prognosis is considered poor. Furthermore, the evidence of radiographic metastasis was associated with disease progression and often an even worse prognosis. Therefore, improved diagnostic tools are needed to better detect and stage the disease. One strategy is to use the canine model to develop these diagnostic tools. The course of the disease and etiology are similar between humans and canines which, when combined with the high incidence rate of osteosarcoma in dogs, make canine osteosarcoma a robust spontaneous model for human disease [@bb0005], [@bb0010], [@bb0015].

Exosomes are 30- to 160-nm--diameter microvesicles secreted by the great majority of cells [@bb0020], [@bb0025]. They contain proteins, lipids, fragments of DNA, RNA, and microRNA, and are essential for trafficking of biological material and cellular cross talk [@bb0020], [@bb0030]. The exosomal proteomic cargo is variable and inclined to the physiological stressors exerted on the cell of origin [@bb0035], [@bb0040]. Exosome-bound proteins and genomic materials are packaged in a selective manner and can exhibit a profile which is often vastly different from the cell type of origin [@bb0040], [@bb0045].

Once secreted, exosomes can be carried through the circulatory system to their target cells, where they can transfer proteins, lipids, and nucleic acids that play influential roles in tumorigenesis, cancer progression, metastasis, response to treatment, and immune suppression [@bb0050], [@bb0055], [@bb0060]. The lipid bilayer of exosomes makes a stable structure which is resistant to enzymatic degradation in blood and other body fluids and an attractive source for the investigation of biomarkers.

The roles of exosomes in the disease course of osteosarcoma or response to therapeutic treatments have not been fully characterized [@bb0065], [@bb0070]. Exosomal proteins derived from human osteosarcoma cell line supernatants are enriched with proteins associated with angiogenesis, cell adhesion, immune evasion, and cell migration in comparison to proteins in exosomes from nonmalignant cells and non--exosome-derived blood proteins [@bb0065], [@bb0070], [@bb0075]. Recent investigations in human pediatric OSA have demonstrated significant differences in serum protein content; proteins which differ can be used as biomarkers for early detection of cancer, metastasis, and response to therapy [@bb0080]. We hypothesized that canine serum-derived exosomes will contain a unique protein signature that can be ascribed to OSA patients, analogous to what has been demonstrated in pediatric OSA. Furthermore, we postulated that exosomes derived from sera of OSA patients will exhibit a unique protein signature throughout the disease stages, including at time of diagnosis, at 2 weeks postamputation, and at the onset of lung metastasis. These signatures will have the potential to serve as a noninvasive diagnostic tool for the detection, staging of disease, and prognostication.

Materials and Methods {#s0010}
=====================

Patient Sera Samples {#s0015}
--------------------

Sera were collected and stored at −20°C. Approximately 600 μl of serum was obtained from a total of 18 adult (\>1 year) medium- and large-breed dogs (\>20 kg) in the following categories: appendicular osteosarcoma that was verified by histopathology (OSA; *n* = 8); otherwise healthy animals that have experienced traumatic bone fractures (FX; *n* = 5); and healthy, size-matched canine controls (N; *n* = 5). Dogs were deemed healthy based on complete blood count, chemistry panel, urinalysis, normal physical examination, and no current history of illness or treatment with prescription medication. Samples were obtained from canine OSA patients at initial diagnosis, prior to standard treatment of limb amputation and carboplatin chemotherapy (270-300 mg/m^2^ administered every 3 weeks for a total of 4 doses). Patients were excluded from the study if they had evidence of metastasis at time of diagnosis, had nonappendicular disease, or did not receive standard treatment.

Based on empirical quantitative analysis of LC/MS-based measurement of serum protein abundances, we modeled protein abundances as log normal-distributed and on log~2~ scale. For the purpose of a power analysis, we assumed an intrasample group measurement standard deviation of approximately 6.0. Thus, a study size of 18 samples would give a power of 0.80 for detecting a log-abundance ratio of at least 4.0 between the sample groups, with significance level of .05.

Longitudinal samples were obtained from five additional patients with appendicular osteosarcoma at diagnosis, at 2 weeks postamputation (before initiation of chemotherapy), and upon first detection of metastatic disease.

Cell Culture Samples {#s0020}
--------------------

For exosome isolation from HMPOS and POS (canine OSA cell lines) culture media, subconfluent cells were incubated in media containing 10% exosome-depleted FBS (Exo-FBS, System Biosciences, Inc., Palo Alto, CA) for 24 hours, and supernatants were removed prior to cells reaching 100% confluence. The collected media were subsequently centrifuged for 10 minutes at 2000×*g*, and the cell-free supernatants were collected. For exosome isolation from patient serum samples, 200 μl of serum was centrifuged for 10 minutes at 2000×*g* to remove residual cells or debris that remained in the sample as a preliminary step.

Once the cell culture supernatants and serum were clear of debris, exosomal extraction was carried out with Total Exosome Isolation reagent (Invitrogen, Thermo Fisher Scientific) following the manufacturer\'s instructions. Briefly, the reagent was vigorously mixed with the cell-free media or serum at a ratio of 1:2 and 1:5, respectively. After overnight incubation at 4°C, exosomes were then collected after centrifugation at 10,000×*g* for 60 minutes and resuspended in 1× phosphate-buffered saline (PBS). Concentration of protein content was determined using a Pierce BCA kit (Thermo Fisher Scientific) on exosome aliquots lysed in 1× RIPA (Pierce RIPA Buffer, Thermo Fisher Scientific).

NanoSight Analyses {#s0025}
------------------

Once purified, exosomes were suspended in 100 μl filtered PBS, and protein concentrations were determined with the Pierce BCA protein assay. Prior to size validation assay, the suspension was diluted again with filtered PBS at a 1:100 concentration and analyzed using the NanoSight LM10 system (NanoSight Ltd., Amesbury, United Kingdom, NTA 3.00060 software). The Nanoparticle Tracking Analysis software version 2.3 was used to analyze 30-second videos to determine vesicle size and concentration. The analysis of exosomes from cell culture supernatants was done on samples which were diluted to a concentration of 50-150 particles per frame. The chamber conditions and system settings were adjusted as previously described [@bb0070].

Proteomic Analysis {#s0030}
------------------

An aliquot of isolated exosomes from all 18 canine serum samples along with exosomes isolated from the serum of 5 distinct canine OSA patients at different time points in their disease (diagnosis, 2 weeks postamputation, and onset of lung metastases) was evaluated by mass spectrometry (LC-MS/MS) at the Oregon State University Mass Spectrometry Center. Additionally, exosome preparations that were isolated from culture media of carboplatin-resistant cell lines (as described in the exosome isolation methods section) and protein lysates from carboplatin-resistant cells were submitted for proteomic analysis. The proteins were digested by mass spectrometry--grade trypsin (Trypsin Gold, Promega Corporation, Madison, WI). The proteolytic samples were analyzed using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fischer Scientific) coupled to a Waters nanoAcquity UPLC system (Waters, Milford, MA). The mobile phase was composed of LC-MS--grade water containing 0.1% formic acid as solvent A and LC-MS--grade acetonitrile containing 0.1% formic acid as solvent B. The peptides were loaded onto a nanoAcquity UPLC 2G Trap Column (100 Å, 180 μm × 20 mm, 5 μm) for 5 minutes with 3% mobile phase B at a flow rate of 5 μl/min. For peptide separation, a nanoAcquity UPLC Peptide BEH C18 column (130 Å, 100 μm × 100 mm, 1.7 μm) was used. Peptide elution was achieved by applying a 120-minute gradient in which B was increased from 3% to 10% at 3 minutes, reached 30% at 105 minutes and then 90% at 108 minutes, held at 90% B until 112 minutes, then decreased to 3% at 113 minutes, and held until 120 minutes. A flow rate of 0.5 μl/min was used. Mass spectral data were acquired in the positive ion mode. The spray voltage was 2400 V, and the ion transfer tube temperature was 300°C. The Orbitrap analyzer acquired all MS spectra with 120 K resolution at *m*/*z* 200, and the ion trap analyzer acquired all MSMS spectra in collision-induced dissociation fragmentation mode using top speed method. Automatic gain control target was set to 4.0 × 10^5^ for precursor ions and 10^4^ for product ions. Thermo Scientific Proteome Discoverer 2.1 software was used for processing and analyzing the raw data files and for performing searching against the Uniprot *Homo sapiens* protein database using Sequest HT search engine. The mass tolerance of precursor and fragment ions was set at ±10 ppm and ± 0.6 Da, respectively. A maximum of two missed cleavage sites was allowed. Carbamidomethylation of cysteine was specified as static modification; oxidation of methionine was specified as dynamic modification. The overall false discovery rate was less than 1%.

Immunoblots {#s0035}
-----------

To confirm presence of the differentially expressed proteins indicated by mass spectrometry, Western blot analyses were performed. Patient serum exosomes (*n* = 9; 5 OSA, 2 FX, and 2 N) were lysed by adding 5× RIPA buffer containing phosphatase and proteinase inhibitors to a final 1× concentration. Homogenate aliquots (containing 10 μg protein) were mixed at a volume ratio of 1:1 with Laemmli buffer and 5% β-mercaptoethanol, boiled for 10 minutes at 100°C, and electrophoresed on a 10% SDS-PAGE gel at a constant current of 10 mA/plate. The separated proteins were transferred to a nitrocellulose membrane, blocked for 1 hour with Odyssey blocking buffer (LI-COR, Lincoln, NE) diluted 1:1 in TBS (20 mM Tris-HCl pH 7.4 and 150 mM NaCl), followed by overnight incubation at 4°C with rabbit anti-HSP90 antibody (Cell Signaling Technology, Danvers, MA) diluted 1:1000 in TBST (TBS with 0.1% Tween-20). Replicate blots were probed with rabbit anti-QSOX1 antibody (Proteintech Group, Inc., Rosemont, IL) and rabbit anti-ITIH1 antibody (Abcam, Cambridge, MA) diluted 1:1000 in TBST. All antibodies used had been previously validated for canine samples by Western blot. Proteins labeled with primary antibody were detected with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Dallas, TX) diluted 1:40,000 in TBST. Membranes were developed with Supersignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and scanned on an ImageQuant LAS4000 (GE Healthcare Life Sciences, Marlborough, MA).

For visual assessment of uniform protein quantity loading between all samples, the 10% SDS-PAGE gel was stained with LabSafe GEL Blue (G-Biosciences, Geno Technology Inc., St. Louis, MO). Briefly, the gel was washed three times in deionized water for 5 minutes and then gently rocked in enough LabSafe GEL Blue to cover the gel; protein bands were visible at 5 minutes with maximum intensity at 60 minutes.

Proteomics Data Analysis {#s0040}
------------------------

Statistical analysis on proteomic data was performed using Metaboanalyst 3.0 Software [@bb0085]. Peak intensity data were normalized and log transformed before multivariate analysis. Predictive accuracy for discriminating proteins was determined with R statistical software. Statistical significance was set at *P* = .05.

Classification Accuracy Analysis: Discrimination of OSA Versus Normal or Fracture {#s0045}
---------------------------------------------------------------------------------

For each protein detected above background, its normalized, log-scale protein levels (see proteomics data analysis) in two sample groups (OSA-derived samples and samples from a non-OSA control group of healthy dogs and dogs with fractures) were scored for difference of means using a Welch\'s *t* test. Based on a minimum absolute *t* score of 2.0, 10 proteins were selected to include as features in a multivariate classifier ([Table 1](#t0005){ref-type="table"}). The levels of these proteins were combined in an elastic-net-penalized binary logistic regression classifier (using the R package glmnet function cv.glmnet with *α* = 0.25 and with −\[0.9 + log(*λ*)\] taking all possible values in the range of 0.000 to 0.975 in increments of 0.025) to predict OSA versus non-OSA status. Using 100 replications of three-fold cross-validation, the classifier\'s accuracy was measured on samples held out from the training set. The average accuracy across the three folds and 100 replications was found to be 85%, with 6% standard error.Table 1Proteins Used in the Binary Classifier for OSA Vs. Non-OSA Dogs Based on Serum Exosome ProfilingTable 1Protein NumberAccessionGene Name/Description*t*1E9PGN7*SERPING1*3.902A0A0K0K1H8*HEL-S-71p*3.753Q9BWU5*HBB*3.194P13645*KRT10*2.815B6EDE2*HEL180*2.636P19827*ITIH1*2.227A8K5A4cDNA FLJ76826 (similar to human gene *CP*)2.088A0A075B6L1*IGLC7*2.089B4E1Z4Uncharacterized protein2.0610Q9H2L7*DC33*−3.80[^4]

Given the small pilot study size, we used cross-validation in order to obtain a lower-variance estimate of classification accuracy on unseen cases and a confidence interval on the classifier estimate accuracy [@bb0090].

Detection of Disease Stage Using a Proteomic Signature {#s0050}
------------------------------------------------------

For each protein detected above background, its normalized, log-scale protein levels in three sample groups \[at time of first OSA diagnosis (DX), at postamputation (PA), and at time when progressive disease (PD) was confirmed\] were scored for using a one-way ANOVA *F* test. Based on the ANOVA *F* test (*P* \< .05), two proteins (SERPIND 1 and a protein highly similar to human MHC class III complement component C6) were selected as the classifier. The levels of these proteins were combined in a LASSO-penalized multinomial logistic regression classifier (using the R package glmnet with −\[0.9 + log(*λ*)\] taking all possible values in the range of 0.000 to 0.975 in increments of 0.025) to predict the sample group (DX, PD, or PA). Using 1000 replications of three-fold cross-validation, the classifier\'s accuracy was measured on samples held out from the training set. The average accuracy across the three folds and 1000 replications was found to be 77% with 16% standard error.

Results {#s0055}
=======

Evaluation of Cell Culture-- and Serum-Derived Exosomes {#s0060}
-------------------------------------------------------

Exosomes were isolated from the serum of canine patients with histologically confirmed appendicular osteosarcoma (OSA); patients with traumatic bone fracture (FX); and normal, healthy size-matched controls (N). Samples were stored at −80°C for up to 14 months prior to being processed for exosomal extraction; no signs of degradation were evident on proteomic or Nanosight analysis. We also isolated exosomes from the supernatants of two canine osteosarcoma cell lines: POS and HMPOS. These cell lines, derived from canine osteosarcomas, were validated as osteosarcomas by proteomic analysis of alkaline phosphatase expression and calcification assays [@bb0095]. NanoSight light scatter analysis has shown a mean of 128.6 (+/−5) nm and mode of 108.9 (+/−8.9) nm for exosomes extracted from POS supernatants and mean of 132.3 (+/−4.1) nm and mode of 96.1 (+/−6.0) nm for the HMPOS exosomes ([Figure 1](#f0005){ref-type="fig"}).Figure 1Size and concentration of exosomes isolated from serum of three of the dogs representing the three cohorts in the study: (A) osteosarcoma,(B) traumatic fracture, (C) normal dogs, and exosomes isolated from the supernatants of two canine osteosarcoma cell lines: (D) POS and (E) HMPOS correspondently.Figure 1

Circulating exosomes of five dogs were used for validation of exosome isolation and measured using NanoSight light scatter technology ([Figure 1](#f0005){ref-type="fig"}). The measured vesicles\' size mean was in a range of 113.2-173.3 and a mode of 90.1-166.9, which is consistent with the size of exosomes measured in previous studies using similar technology [@bb0025], [@bb0070].

Proteomic Evaluation of Exosomes Derived from Sera of OSA, FX, and N Dogs {#s0065}
-------------------------------------------------------------------------

LC-MS/MS on purified serum-derived exosomes revealed 177 proteins contained within the exosomes of canine osteosarcoma patients (OSA), 152 proteins in the exosomes from patients with traumatic bone fracture (FX), and 160 proteins in the normal dogs (N) ([Figure 2](#f0010){ref-type="fig"}*A*). All exosomes shared 124 proteins. Serum-derived exosomes from OSA contained 19 unique proteins and shared 14 and 20 proteins with FX and N, respectively. FX and N had 10 and 12 unique proteins, respectively, and shared 4 proteins exclusively. A supervised partial least squares discriminate analysis was able to divide the patients into three distinct groups based on proteomic cargo isolated from circulating exosomes ([Figure 2](#f0010){ref-type="fig"}*B*). Based on logistic regression analysis, with penalized maximum likelihood and with feature selection based on a *t* test, we achieved 85% (±0.003811) accuracy for discriminating patients with OSA from normal (N) or traumatic fracture (FX) via evaluation of the top 10 discriminating circulating exosomal proteins. These top 10 proteins are diagrammed based on relative expression in the examined samples ([Table 1](#t0005){ref-type="table"}, [Figure 2](#f0010){ref-type="fig"}*C*).Figure 2Proteomic cargo of circulating exosomes was determined by LC-MS/MS. (A) Number of proteins shared by osteosarcoma (OSA), dogs with traumatic fracture (FX), and healthy controls (N) illustrated with a Venn diagram. (B) A supervised partial least squares discriminate analysis exhibits a distinct separation of the three groups based on their exosomal proteomic signature. (C) The 10 most significant proteins for discrimination between osteosarcoma (OSA) and fracture (FX) or normal (N) are listed along with relative protein expression (red = high, blue = low) ([Table 1](#t0005){ref-type="table"}). OSA appears to have a distinct profile when compared with the other two groups, demonstrating primarily upregulated protein expressions.Figure 2

Proteomic Evaluation of Longitudinally Collected Exosomes from Sera of Dogs with OSA {#s0070}
------------------------------------------------------------------------------------

The overall disease-free interval for the longitudinally studied dogs was in the range of 58 to 257 days with an average of 134 days.

LC-MS/MS on purified serum-derived exosomes revealed 82 proteins in the exosomes of canine osteosarcoma patients at diagnosis (DX), 92 proteins in the exosomes from patients 2 weeks postamputation (PA), and 95 proteins from the same patients at time of progressive disease (PD). All exosomes shared about 74 proteins. Serum-derived DX exosomes contained one unique protein and shared one and six proteins with PA and PD, respectively. PA and PD had eight and six unique proteins, respectively, and shared nine proteins exclusively ([Figure 3](#f0015){ref-type="fig"}).Figure 3Proteomic analysis of circulating exosomes extracted from osteosarcoma dogs at diagnosis and prior to amputation (DX), at 2 weeks after amputation (PA), and on detection of progressive disease (PD). (A) Venn diagram demonstrates the shared and unique proteins for each of the three cohorts. (B) A supervised partial least squares discriminate analysis discriminates the stages of disease into three distinct groups based on proteomic composition isolated from circulating exosomes; each mark (x, +, ∆) represents an individual time point for the same patient. (C) The two most significant proteins for discriminating between exosomes from the different disease stages of OSA are listed along with relative protein expression (red = high, blue = low). Protein 1 is SERPIND1 and protein 2 represents cDNA FLJ78071 which is highly similar to human MHC class III complement component C6.Figure 3

A supervised partial least squares discriminate analysis revealed distinct protein clusters by which one could discriminate between the sera of dogs from the different disease stages ([Figure 3](#f0015){ref-type="fig"}*B*). Based on logistic regression analysis, we obtained 77% accuracy for distinguishing the different stages of OSA via evaluation of the top two discriminating circulating exosomal proteins. These two proteins, serpin D1 and major histocompatibility complex (MHC) class III-complement component C6, are diagrammed based on their relative expression ([Figure 3](#f0015){ref-type="fig"}*C*).

Validation of LC-MS/MS results was done by Western blot on selected proteins based on availability of antibodies validated for canines. The analysis of exosomal cargo confirmed the presence of select proteins, QSOX1 and ITIH1, along with a ubiquitous exosome marker protein, Hsp90 ([Figure 4](#f0020){ref-type="fig"}*A*). Visual evaluation of the blot demonstrates increased protein density in all patients where QSOX1 and ITIH1 were detected on mass spectrometry. This result provides independent support for the validity of the mass spectrometry results. Overall, QSOX1 and ITIH1 expressions were in agreement with the LC-MS/MS results. As expected, HSP90 which is commonly carried by exosomes did not dramatically differ between the groups. Total protein visualization on the 10% SDS-PAGE gel following electrophoresis demonstrated equivalent protein quantity loaded between all samples evaluated ([Figure 4](#f0020){ref-type="fig"}*B*).Figure 4Immunoblots of exosomal cargo selected proteins. (A) Immunoblots of exosomal lysates confirm universal expression of ubiquitous exosomal protein HSP90. Proteins QSOX1 and ITIH1 are expressed to a greater extent in exosomes from patients, concurrent with mass spectrometry. Patients with traumatic bone fracture did not contain QSOX1 and ITIH1 in their exosomal cargo. Positive (+) protein was detected by LC-MS/MS; negative (−) protein was not detected by LC-MS/MS. (B) Coomassie blue stain following protein electrophoresis demonstrates equivalent protein amounts loaded between all samples evaluated.Figure 4

Comparison of Exosomal Proteomic Cargo from Serum and Osteosarcoma Cell Lines {#s0075}
-----------------------------------------------------------------------------

In order to determine whether the serum exosomal proteome from OSA dogs contains similar cargo to the exosomal proteome of OSA cells, mass spectrometry was conducted on exosomes from OSA cell lines HMPOS and POS along with exosomes from pooled OSA dog serum. LC-MS/MS analysis of exosomal proteomic cargo extracted from the supernatants of HMPOS and POS revealed a total of 235 and 67 proteins, respectively. HMPOS and POS shared 43 proteins between them and three more proteins with serum exosomes. HMPOS had 180 proteins exclusively and shared 9 more proteins with serum exosomes, while POS had 20 proteins and shared only 1 protein solely with serum exosomes ([Figure 5](#f0025){ref-type="fig"}*A*). GO biological processes analysis of top osteosarcoma discriminating 37 proteins was done to better characterize the exosomal proteome ([Figure 5](#f0025){ref-type="fig"}, *B* and *C*).Figure 5(A) Venn diagram exhibiting the distribution of identified proteins between the OSA cell lines exosomes (HMPOS-EX, POS-EX) and the serum exosomes. (B) GO biological processes analysis of top 37 proteins exhibits an increase of platelets degranulation and mast cell activation by the Fc receptor in OSA circulating exosomes versus the two control cohorts (normal and traumatic fracture). (C) GO biological processes analysis of top 37 proteins exhibit a downregulation of multifacet deficiencies of complement regulation in OSA circulating exosomes versus the two control cohorts. The color of each raw reflects the relative amount of proteins in each category.Figure 5

Discussion {#s0080}
==========

In the current study, we have isolated exosomes from serum of healthy, fractured, and osteosarcoma-diagnosed dogs. Proteomic analysis of the exosomes revealed a characteristic protein signature of each of these groups and demonstrated the potential use of exosomes as a viable source for biomarkers discovery in cancer-bearing dogs that could be extended to human osteosarcoma. The abundant availability of exosomes in serum is a positive factor for the potential use of serum exosome profiling for diagnosis, as is the minimal invasiveness of sample collection. Thus, serum exosome profiling can be performed at different time points throughout the disease course, thereby improving the existing tools for early diagnosis and disease staging.

The results of our study reveal a unique protein cargo expressed by circulating exosomes in canine osteosarcoma patients. This cargo contained \>170 proteins, which were largely associated with proteolysis, regulation of the immune system, activation of stress response, and regulation of metabolic processes. The serum exosome proteomics-based classifier for detecting osteosarcoma that we developed in this study is largely based on proteins that are upregulated in the osteosarcoma cases vs. normal cases (9 out of 10). Although eight proteins were detected in at least one normal sample that were entirely undetected in osteosarcoma, these eight proteins all had sporadic expression in the normal samples and thus high variance that precluded their inclusion as features in the classifier. The top 10 discriminating proteins were utilized for logistic regression analysis and demonstrated that OSA-bearing dogs could be differentiated from control animals (healthy and traumatic fracture) with 85% accuracy.

We also demonstrated distinct protein clustering based on disease stage using circulating exosomes collected from five osteosarcoma patients at three time points over their disease course. Logistic regression analysis revealed that various disease stages in OSA could be differentiated based on two discriminating proteins, Serpin D1 and a protein highly similar to major histocompatibility complex (MHC) class III-complement component C6, with 77% accuracy.

Differences in circulating exosomal composition collected at different time points along the linear study were evident in our proteomic analysis. These differences may be explained by several factors associated with the complexity of tumorigenesis and disease progression. Secretions from a primary osteosarcoma may exhibit a vastly different proteomic composition from metastatic disease due to the changes associated with mutations and epigenetic variations of the tumor during its evolution. Other obvious changes of exosomal composition may be derived from stromal cells surrounding the tumor, whether it is bone, lung, or any other tissue. Additionally, the capacity of exosomes and other soluble mediators to impact distant tissues, which are not in direct contact with the tumor, may result in the secretion of diverse exosomes that will be typical to these organs and their sustained damage. The complement system plays a critical role in eradicating cancer cells by direct antitumor effects resulting in lysis of malignant cells and in the enhancement of antibody-dependent cell-mediated cytotoxicity [@bb0100]. Immunotherapy, which has become the mainstay for the treatment of several types of cancers in the recent years, has been shown to mediate complement activation; increased induction of complement activation may result in clinical benefit [@bb0105], [@bb0110], [@bb0115]. Evading immune destruction is one the hallmarks of cancer, and the expression of membrane-bound complement regulatory proteins such as CD35, CD46, CD55, and CD59, as well as the C1 inhibitor which prevents the activation of the classical pathway, has shown to be a potential evasion mechanism of tumor cells and can be found in serum and ascetic fluids of cancer patients [@bb0120], [@bb0125], [@bb0130], [@bb0135], [@bb0140]. In our study, the two of the top three discriminating proteins were plasma protease C1 inhibitor and C1qa, which are key conflicting factors of the classical pathway. Furthermore, these markers were expressed in opposing manner with an increased expression of the plasma protease C1 inhibitor and a decreased expression of the C1qa in the exosomes of osteosarcoma-bearing dogs.

When we examined the discriminating proteins associated with disease stage, we identified the expression of a protein highly similar to human MHC class III complement component C6 expressed by exosomes from serum collected prior to amputation. However, the expression of this protein was reduced at the progressive disease stage. This finding may be a reflection of immune suppression associated with disease progression.

Investigation of the overall impact associated with proteomic changes in complement factors of circulating exosomes was beyond the scope of this study. However, the decreased expression in factor C1qa and the increased expression of plasma protease C1 inhibitor, taken together with the decreased expression of complement component C6, may be a reflection of an altered complement system in OSA patients and patients with progressive disease. These findings reveal a novel set of biomarkers, and further investigation should examine the potential of these complement factors as viable immunotherapeutic targets for osteosarcoma.

The results of this current study confirmed our initial hypothesis that serum-derived exosomes contain a unique protein signature that can be ascribed to canine OSA patients. Additionally, this signature appears to evolve throughout the course of disease. Evaluation for these discriminating serum exosomal proteins could potentially be utilized as an easy, noninvasive liquid biopsy for canine patients with appendicular osteosarcoma, aiding in diagnosis and providing real-time information about disease progression without the need for invasive procedures, similar to what has been reported in human malignancies [@bb0145], [@bb0150], [@bb0155].

We also studied the proteomic exosomal cargo from two canine OSA cell lines, and as expected, the comparison of serum-derived exosomes from OSA patients with OSA cell line exosomes demonstrates very little overlap in protein content. The differences in protein cargo reflect the fact that serum exosomes originate from a multitude of cells in the body as opposed to purely the neoplastic population; as a result, serum exosomes provide information about the body\'s cumulative and distant response to presence of cancer. Another point is that serum samples represent responses to tumor in vivo, which likely exhibits significant variation from in vitro conditions.

The diversity represented in the proteomic composition of circulating exosomes can expand our understanding about the disease course and the impact that malignant cells exert on their stroma. The significance of the discriminating proteins we identified beyond their role as biomarkers should be further investigated.

In future studies, we will assess the sensitivity of these markers and investigate their expression prior to the radiographic evidence of metastatic disease. We also plan to initiate a study that will attempt to predict the response to treatment based on markers expressed in circulating exosomes prior to amputation.

Conclusions {#s0085}
===========

The current study has demonstrated the capacity of the proteomic cargo of circulating exosomes to discriminate tumor-bearing from non--tumor-bearing dogs with high accuracy. Furthermore, we have shown how this proteomic cargo of exosomes changes with disease stage and can serve as a viable source for biostaging of patients during the disease course. The current study has highlighted several proteins of the complement system as key discriminators between osteosarcoma-bearing dogs and their controls which warrant a further investigation for their role in disease progression.

Appendix A. Supplementary data {#s0090}
==============================

Supplementary FigureImage 1
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Supplementary data to this article can be found online at <https://doi.org/10.1016/j.tranon.2018.07.004>.
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